Cortical spreading depression (CSD) is a wave of transient intense neuronal firing leading to a long lasting depolarizing block of neuronal activity. It is a proposed pathological mechanism of migraine with aura. Some forms of migraine are associated with a genetic mutation of the Na v1.1 channel, resulting in its gain of function and implying hyperexcitability of interneurons. This leads to the counterintuitive hypothesis that intense firing of interneurons can cause CSD ignition. To test this hypothesis in silico, we developed a computational model of an E-I pair (a pyramidal cell and an interneuron), in which the coupling between the cells in not just synaptic, but takes into account also the effects of the accumulation of extracellular potassium caused by the activity of the neurons and of the synapses. In the context of this model, we show that the intense firing of the interneuron can lead to CSD. We have investigated the effect of various biophysical parameters on the transition to CSD, including the levels of glutamate or GABA, frequency of the interneuron firing and the efficacy of the KCC2 co-transporter. The key element for CSD ignition in our model was the frequency of interneuron firing and the related accumulation of extracellular potassium, which induced a depolarizing block of the pyramidal cell. This constitutes a new mechanism of CSD ignition.
Introduction
Cortical spreading depression (CSD) is a wave of transient intense neuronal firing leading to a long lasting depolarizing block of neuronal activity, which initiates focally and then slowly propagates in the cerebral cortex (Pietrobon and Moskowitz 2014) . Long lasting spreading depolarizations subunit of the glial Na + /K + pump (ATP1A2 gene) (De Fusco et al. 2003) . Facilitation of experimentally induced CSD has been reported in knock-in FHM-1 and FHM-2 mouse models (van den Maagdenberg et al. 2004; Leo et al. 2011) . Moreover, it has been shown that FHM mutations in these mouse models cause increased glutamatergic transmission and extracellular glutamate accumulation (Tottene et al. 2009; Vecchia et al. 2014; Capuani et al. 2016) , consistently with a similar overall mechanism.
FHM-3 is caused by mutations of the Na V 1.1 sodium channel (SCN1A gene) (Dichgans et al. 2005) , and the pathological mechanism of these mutations is less well understood (Vecchia and Pietrobon 2012) . Na V 1.1 is particularly important for generating GABAergic neurons' excitability (the neurons that classically have an inhibitory role in mature cortical circuits), and its mutations have been identified also in epileptic patients (Yu et al. 2006; Guerrini et al. 2014) . Epileptogenic Na V 1.1 mutations cause loss-of-function of the channel with consequent decreased excitability of GABAergic neurons, reduced inhibition and hyperexcitability of cortical networks (Yu et al. 2006; Ogiwara et al. 2007; Han et al. 2012; Hedrich et al. 2014) . Conversely, although initially loss of function has been reported also for FHM-3 Na V 1.1 mutations (Kahlig et al. 2008 ), more recent research provides evidence that these mutations cause instead a gain-of-function of the channel leading to hyperexcitability of GABAergic neurons in transfected cells in culture (Cestèle et al. 2008; Fan et al. 2016; Mantegazza and Cestele 2017) . These results point to a different, counterintuitive mechanism in comparison to FHM-1 and FHM-2 mutations. In fact, it is not clear how increased activity of GABAergic neurons could trigger CSD, because it should reduce excitability of neuronal networks.
Three mechanisms (possibly acting in parallel) have been hypothesized for the ignition of CSD upon hyperexcitability of GABAergic interneurons (Cestèle et al. 2008; Mantegazza and Cestele 2017) : 1) the extracellular potassium build-up generated by the potassium currents activated by the spiking of the interneurons, 2) the potassium build-up generated by the KCC2 co-transporter of the post synaptic pyramidal neurons, and 3) excitatory actions of GABAergic transmission. The first mechanism is expected during high frequency firing of the (inter)neurons. The second one has been reported in conditions of intense GABAergic synaptic transmission, because the function of KCC2 is to co-transport chloride and potassium for maintaining a low intracellular chloride concentration in the pyramidal cells, leading to an efflux of potassium (Viitanen et al. 2010; Doyon et al. 2011; Kaila et al. 2014 ). The third one can come into play when the homeostatic mechanisms that keep the intracellular chloride concentration low (in particular KCC2) reach their limits, leading to a transient partial dissipation of the chloride gradient and to depolarizing excitatory actions upon activation of the GABA-A receptor (Lillis et al. 2012 ). These mechanisms could increase the excitability of pyramidal neurons, possibly leading to CSD.
We present here a modeling study undertaken to test the hypothesis that CSD can be ignited by hyperactivation of interneurons and, more generally, to identify the mechanism of ignition in our model. We implemented a simple model of a pair of interconnected neurons, a pyramidal glutamatergic neuron (excitatory, E) and a GABAergic interneuron (inhibitory, I) ( Fig. 1) . We investigated the effect of different levels of excitability of the interneuron on the pyramidal neuron, considering the depolarizing block of the pyramidal neuron as the initiation of CSD. The interaction between the two cells consists of a GABAergic synapse from the interneuron onto the pyramidal cell, and a glutamatergic synapse from the pyramidal cell onto the interneuron. In addition we included a glutamatergic autapse (excitatory self coupling from the pyramidal cell to itself), in order to take into the account the role of the glutamatergic input on the pyramidal cell. We developed our model extending the one of Wei et al. (2014) , who used a Hodgkin-Huxley type neuron model to study the neuronal dynamics underlying the generation of spikes, epileptic activity and CSD. The same authors subsequently used this model for investigating the role of cell volume in the transitions between these phenomena (Ullah et al. 2015) . In our model the pyramidal cell is an adapted version of the neuron of Wei et al. (2014) , whereas for the interneuron we have used the Wang-Buzsaki model (Wang and Buzsáki 1996) . Our work was primarily inspired by the experimental evidence of the gain of function of GABA-ergic neurons in the context of FHM-3, but, more generally, the goal has been to explore the role of interneurons in the generation of CSD. Earlier modeling studies pertinent to FHM-3 (Dahlem et al. 2014 ) did not consider the role played by the interneurons.
Under physiological conditions interneurons do not show lasting high frequency firing. Our study refers to pathological conditions under which the interneurons maintain high frequency firing, possibly due to the dysfunction of ion channels, as in the case of FHM, or other causes, for example high level of [K] o . Our findings show that CSD can be ignited in our model as a result of the intense firing of the interneuron, whereas in the absence of firing of the interneuron the pyramidal cell does not undergo CSD, and with moderate firing frequency of the interneuron the pyramidal neuron is inhibited. Our results indicate that the extracellular potassium build-up generated by the firing of the interneuron is the key factor for the initiation of CSD in our model.
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Diagram of the model. The model implements a pair of interconnected neurons, a pyramidal glutamatergic neuron (excitatory, E) and a GABAergic interneuron (inhibitory, I). The interaction between the two cells consists of a GABAergic synapse (I GABA ) from the interneuron onto the pyramidal cell, a glutamatergic synapse from the pyramidal cell onto the interneuron (GLUT2), and a glutamatergic autapse (excitatory self coupling from the pyramidal cell to itself, GLUT1), in order to take into account the role of a glutamatergic input onto the pyramidal cell. It includes the action of the KCC2 and of the NKCC1 co-transporters in the pyramidal cell and the extracellular diffusion of potassium (for taking into account the diffusion in the extracellular space and spatial buffering by glia)
Methods
The model ( Fig. 1) consists of an excitatory-inhibitory pair, more specifically a pyramidal cell and an interneuron, with a GABAergic synaptic connection from I to E, a glutamatergic synapse from E to I, and an autapse from E to itself. It includes the action of the KCC2 and of the NKCC1 co-transporters in the pyramidal cell and the extracellular diffusion of potassium (a simple diffusion equation for taking into account the diffusion in the extracellular space and spatial buffering by glia). Moreover, both the pyramidal cell and the GABAergic interneuron receive depolarizing drives (J E and J I , respectively, whose role is detailed below). Thus, the model is a microcircuit consisting of two interconnected neurons (glutamatergic and GABAergic), which can be used to mimic a cortical circuit and as a building block for implementing larger scale models. Our model is based on the model of Wei et al. (2014) , see also Ullah et al. (2015) .
Pyramidal cell
The spiking of the pyramidal cell is generated by a Traub-Miles (TM) model of a (hippocampal) pyramidal cell, given by the following system:
with J E representing the external drive (baseline current input), I L the leak current, I Na and I K the usual spike generating sodium and potassium currents, and I Nap the persistent slowly inactivating sodium current. Finally, I AHP is a calcium activated potassium current, a so-called adaptation current. Thus, system Eq. (1) is obtained from a simplified version of the Traub-Miles model (Traub et al. 1991) by adding the adaptation current I AHP and the persistent sodium current I Nap . Most parameter values have been extracted from Börgers et al. (2005) . The currents appearing in the RHS of Eq.
(1) were defined as follows:
and β n (v) = 0.5 exp −(v+57)/40 . The default parameter settings are as follows Börgers et al. (2005) : C = 1μF, g Na = 100mS/cm 2 , g p = 1mS/cm 2 , g K = 80mS/cm 2 and φ = 1, g AHP = 1.5mS/cm 2 , E Ca = 120mV, g Ca = 1mS/cm 2 , τ Ca = 80ms and ε = 0.002(msμA) −1 cm 2 . We use different values of J E , ranging from 3.4mA to 4mA.
The reversal potentials E Na , E K and E Cl (the latter determining the I GABA reversal potential) in computational models are typically set to be constant. In our model, they are slowly varying variables, as their variation is the cause of depolarizing block. The variable E L is derived from E K , E Cl and E Na (this will be discussed in detail below).
If a neuron maintains a homeostatic balance (ionic concentrations are quickly restored after a spike) then the assumption of constant reversal potentials made in the Hodgkin-Huxley model is justified. When the homeostatic balance is broken, for example in the case of CSD, it is necessary to include the dynamics of ionic concentrations. Other contexts where such modelling is needed include anoxic spreading depression (relevant to stroke) and epilepsy. Consequently there are a number of studies that use this type of modelling, including (Krishnan and Bazhenov 2011; Ullah et al. 2015; Wei et al. 2014; Dahlem et al. 2014; Chapuisat et al. 2008) . In the construction of our model we follow closely the approach of Wei et al. (2014) , see also Ullah et al. (2015) . The originality of our work lies in the investigation of the effect of K + accumulation caused by intense interneuron firing on CSD ignition in the pyramidal cell.
Dynamic sodium, potassium and chloride concentrations
The evolution equations for the ionic concentrations, measured in mM=mol/l, are as follows:
where [X] i (resp. [X] o ) denotes the intracellular (resp. extracellular) concentration of the ionic species X. Here I K , I AHP and I Na are as introduced above and I K,L , I Na,L and I Cl,L are the individual leak currents. We will return to the leak current and its components later. We now describe the remaining terms and parameters contributing to system Eq.
(2).
Co-transporters
I KCC is the flux through the K-Cl co-transporter KCC2 (which extrudes potassium and chloride), as used in Wei et al. (2014) , given by:
and I NKCC is the flux through the Na-K-Cl co-transporter NKCC, which transports sodium, potassium and chloride into the cells, given by:
.
The parameter settings are:
ρ KCC = 0.3mM/s and ρ NKCC = 0.1mM/s.
Sodium/potassium pump
The sodium potassium ATPase is the main mechanism restoring the ion concentrations to their steady state values. The current through the pump is modelled as follows:
where ρ pump = 0.25mM/s, Na sat = 22mM and K sat = 3.5mM.
Coupling currents from the interneuron
I GABA is the chloride current generated by the GABA-A receptors of the inhibitory synapse; we will present it in more detail in the section on synaptic currents. I K,i is the potassium current of the interneuron, and it contributes to the dynamics of [K] o , see Eq.
(2), providing a form of coupling from the interneuron to the pyramidal cell, in addition to the GABAergic synapse.
The conversion factors β, γ , τ and γ i
The parameter β is the ratio of the intracellular space of the pyramidal cell to the extracellular space and is set to β = 4, see Syková and Nicholson (2008) . The parameters γ and γ i , whose units are M/(C·cm), are conversion factors from current density to the flux of ionic concentration, with γ corresponding to the pyramidal cell and γ i to the interneuron. The parameter γ is given by γ = S/(F ·Vol), where S is the surface of the cell, Vol its volume, and F is the Faraday constant, with γ corresponding to the pyramidal cell, with Vol = 1.4368 · 10 −9 cm 3 , S = 4π 3Vol 4π
The parameter γ i plays a similar role for the potassium current of the interneuron, that is it converts this current into an ionic flux. In our simulations we used γ i = 0.65γ (Wei et al. 2014 ). The parameters γ /τ and γ i /τ , where τ = 1000, so that the units of the RHS of Eq.
(2) are mM/ms.
Potassium sink
The expression modelling the diffusion of potassium in the extracellular space is
with ε K = 0.4s −1 and K bath = 3.5mM. This simple expression accounts for the removal of [K] o . It models diffusion in the extracellular space but also (in an extremely simplified way) the spatial buffering performed by the glia. Note that, in comparison with Wei et al. (2014) , we have kept this diffusion at a high level to make up for the absence of a glial current and a glial pump in our model.
Dynamics of the complementary ion concentrations
In addition we include the dynamics of [K] i , given by
as well as require that
Hence [Na] o and [Cl] o also vary dynamically.
The reversal potentials
The reversal potentials correspond to the Nernst equilibrium, given by
Leak current
The leak current I L is the sum of a potassium leak current, a chloride leak current and a sodium leak current, that is:
or, equivalently,
with g L = (g Na,L + g K,L + g Cl,L ) and
We have used in our simulations:
g Cl,L = 0.015mS/cm 2 , g K,L = 0.05mS/cm 2 , g Na,L = 0.0015mS/cm 2 .
Note that the setting of g Na,L is substantially lower than that from Wei et al. (2014) .
Interneuron
The Wang-Buzsaki model of a fast spiking interneuron (PV+ basket cell) (Wang and Buzsáki 1996) is given by system Eq. (1) with
and the parameters: g Na = 35mS/cm 2 , E Na = 55mV, φ = 5, g L = 0.1mS/cm 2 , E L = −65mV, g K = 9mS/cm 2 , and E K = −90mV. (For the sake of simplicity we have chosen to use static (constant) reversal potentials in the interneuron model.) The external drive to the interneuron (baseline current input) is denoted by J I and is varied between 0.6mA and 1.2 mA, corresponding to a firing frequency varying from approximately 40Hz to approximately 80Hz.
Synaptic currents
We modeled the synaptic coupling from the interneuron to the pyramidal cell, with the synaptic current:
For the dynamics of the synaptic variable, we used a simplified version of the model of Destexhe et al. (1994) . The maximal GABA-A conductance, gGABA, was set to 0.5mS/cm 2 , unless stated otherwise. The synaptic variable s is set to 1 following a spike of the interneuron and subsequently obeys the equation:
with τ GABA = 9 ms. We have included an excitatory connection (GLUT1) from the pyramidal cell to itself (maximal conductance g GLUT1 ) as well as an excitatory connection (GLUT2) from the pyramidal cell onto the interneuron (maximal conductance g GLUT2 ), with associated currents
where E GLUT will be kept at 0mV. The synaptic variabless E ands I follow a similar evolution equation as s, with a time constant τ GLUT = 3ms. The values of g GLUT1 and g GLUT2 will always be equal, hence we will denote both these maximal conductances by g GLUT ; they are set to 0.1mS/cm 2 unless stated otherwise.
Final voltage equation
The final form of the current balance in the pyramidal cell, with the addition of the synaptic current and the pump current (the balance of currents through KCC2 equals 0) is
The simulations were carried out on a MacBookPro laptop using the software package XPPAUT (Ermentrout 2002 ).
The meaning of the 'drive' parameters J E and J I .
The depolarizing drive parameters J E and J I should not be seen exclusively as external (glutamatergic) synaptic inputs, but as any features that can induce modifications of the activity of the neurons (basically any depolarizing currents). Little is known about the mechanisms that trigger pathological attacks in episodic paroxysmal disorders, in which patients are affected with symptoms sporadically. We implemented a "physiological network" and J E and J I can be seen as a mix of both physiological long range inputs and stimuli that drive the circuit into a pathological state. With these parameters it is possible to set the functional state of the different neurons in the microcircuit and study the effect on the response of the circuit.
Results

Interneuron firing can initiate spreading depression
As mentioned earlier, the main goal of this work is to develop a computational model of a cortical microcircuit for testing the hypothesis stating that intense firing of interneurons can initiate spreading depression. In our first simulation (Fig. 2) we chose initially a setting of the external excitatory drive to the pyramidal neuron (J E ) that gave tonic spiking of the pyramidal cell (between 10 and 15 spikes/s) in the absence of an active coupling with the interneuron (no GABAergic synaptic current and no influence of the K + efflux from the GABAergic neuron on the extracellular K + concentration: g GABA = 0mS, γ i = 0M/(C·cm)), and we investigated the modulatory effect of the GABAergic neurons firing at different frequencies.
With an active coupling with the interneuron (both GABAergic synaptic current and K + efflux) and parameter settings (external excitatory drive to the interneuron J I ) leading to a moderate firing frequency (approximately 40Hz), the firing frequency of the pyramidal neuron was constantly reduced in the initial 15s of the simulation ( Fig. 2a-b) and, for the rest Fig. 2 Inhibitory effect of the interneuron spiking at moderate frequency. When the interneuron is set to fire at about 40Hz (J I = 0.6mA), it exerts an inhibitory action on the firing of the pyramidal cell. When the coupling to the interneuron is active, the spiking of the pyramidal cell shows the largest reduction in the first 5 seconds, it remains slower than in the absence of inhibition during the first 15s (shown in panels a, b, c), and it does not exceed the firing frequency observed in the absence of inhibition even in later time windows (shown in panel d). When the firing rate of the interneuron is increased to approximately 70Hz the inhibitory effect is stronger at the outset, but it is followed by a period of hyperexcitability, where the pyramidal cell fires at a higher frequency then in the absence of the interneuron ( of the simulation, it was approximately equal to the firing frequency of the pyramidal neuron observed in the absence of an active coupling with the interneuron: compare the blue and red curves in Fig. 2d . Figure 2d shows the effect of varying the firing frequency of the interneuron. An increase of the firing frequency of the interneuron to about 60Hz gave rise to an initial inhibitory effect, which completely abolished the spiking of the pyramidal cell (Fig. 2d , black curve, time period 0-12s after the beginning of the simulation), followed by a period of hyperexcitability (between 20 and 40s after the beginning of the simulation), in which the frequency of the pyramidal cell became significantly higher (Fig. 2d black curve) than in the absence of the interneuron (see Fig. 2d blue curve) . Thus, the increase of the firing frequency of the interneuron can lead in some time windows to increased excitability of the pyramidal cell. Notably, when the interneuron was set to spike at about 40Hz, the initial inhibitory effect that completely abolished the spiking of the pyramidal cell was not observed (Fig. 2d red curve) .
In Fig. 3 , we investigated the effect of a higher firing frequency of the interneuron. Strikingly, parameter settings leading to approximately 80Hz firing frequency for the interneuron (J I = 1.2) initially abolished the spiking of the pyramidal cell, but subsequently, after a period of intense firing, induced a depolarizing block ( Fig. 3) (b), which we consider in our model as the initiation of CSD. The onset of CSD was preceded by a significant rise of the extracellular potassium concentration ([K] o , to about 12mM) at the threshold of CSD induction, and was concurrent with a large increase of [K] o up to about 35mM, which was accompanied by a slower increase of the intracellular chloride concentration ([Cl] i , to about 15mM). In contrast, in the case of the tonic spiking of the pyramidal cell observed when the coupling with the interneuron was removed (Fig. 3a1) , both [K] o and [Cl] i remained close to 5mM (Fig. 3b1 ). The baseline firing frequency of the pyramidal cell (6-15Hz) and of the interneuron (40-80Hz) in these simulations are well within physiological ranges. As highlighted above, the values of the parameters of the model are in the physiological range. The pathological state was set inducing a long lasting high frequency discharge of the interneuron by increasing its depolarizing drive (J I ). As highlighted above, this does not model only a long lasting increase of glutamatergic inputs onto the interneuron, but any stimulus that could induce overactivation of the interneuron and trigger a pathological state. For example, a mechanical stimulation (e.g. pinprick) can induce hyperexcitability and trigger CSD. A more speculative scenario would be a pathological gain of function of sodium currents of the interneuron (e.g. a large positive shift of the inactivation curve and/or an increase of the persistent component, as in ) counteracted by the homeostatic increase of its K + currents; we could then imagine a hormonal inhibition of the K + currents (e.g. induced by a migraine trigger): this would lead to a net inward current generated by the sodium channels of the interneuron also at resting potentials (modeled here as an increase of J I ), able to induce longlasting hyperexcitability. Although speculative, this might be feasible in the framework of a paroxysmal episodic disorder (see also methods and discussion).
Factors that contribute to the onset of CSD
As shown above, an important factor determining the presence of CSD or hyperexcitability in our model is the baseline current input to the interneuron, J I , which controls the firing frequency of the interneuron, thus the activation of its voltage dependent potassium currents that lead to K + efflux, as well as the strength of the GABAergic synaptic input onto the pyramidal neuron. The key pro-excitatory role of the extracellular potassium build-up generated by the potassium currents of the interneuron is evidenced in Fig. 3 . This figure shows that the onset of CSD is accompanied by a rapid and substantial increase of [K] o (gradual increase from approximately 10mM to about 12mM followed by rapid increase from 12mM to about 34mM).
In another set of simulations we studied the effect of GABAergic and glutamatergic synaptic transmission on CSD onset. We set the parameters g GABA and g GLUT to 0mS, exploring different combinations of such settings. Experimentally this would correspond to blocking the GABA and/or GLUT receptors. Figure 4 shows a sequence of simulations for increasing values of J E mV (baseline excitatory drive of the pyramidal cell). For the lowest setting, J E = 3.9mV, transition to CSD occurs only if GABA is blocked but GLUT is active (g GABA = 0mS and g GLUT = 0.1mS). This is illustrated in panels (a) and (b) of Fig. 4 . Increasing excitatory drive (see panel (c)) to J E = 4.2 is sufficient for CSD to occur with both GABA and GLUT blocked (g GABA = g GLUT = 0mS). However, if neither GABA nor GLUT are blocked (panel (d) ), transition to CSD does not take place (g GABA = 0.5mS and g GLUT = 0.1mS). This is illustrated in panels (c) and (d) of Fig. 4 . Finally, with J E = 4.5mA, the transition to CSD occurs if neither GABA nor GLUT are blocked (g GABA = 0.5mS and g GLUT = 0.1mS), but it does not occur if GLUT is blocked (g GLUT = 0mS, g GABA = 0.5mS). This is illustrated in panels (e) and (f) of Fig. 4 .
Overall, our findings show that both glutamate and potassium build-up contribute to the transition to spreading depression in our model, but GABAergic inhibition delays its onset. This suggests that the GABAergic transmission maintains its inhibitory character throughout the process of transition to CSD, and therefore delays it. This conclusion the latency to spiking is approximately 14s. Panel f shows hyperexcitability but no CSD with no glutamatergic transmission but higher excitatory drive; the latency to spiking is approximately 14s. In all panels, we take γ i = 0.65γ is supported also by the slow increase of [Cl] i shown in Fig. 3b2 , which is mainly observed after CSD onset. Conversely, the GLUT-mediated excitation speeds up CSD onset. Nonetheless, it is the activity of the interneuron that, through potassium build-up, leads to CSD. Figure 4c emphasizes the key role of extra-cellular potassium; it can trigger CSD even when synaptic transmission is blocked, whereas reactivation of both glutamatergic and GABAergic synaptic transmission blocked CSD induction (Fig. 4d) . The simulation in which glutamatergic synaptic transmission is blocked but the depolarizing drive J E is non-zero can be seen as an experimental condition in which glutamatergic synaptic transmission is blocked but a pathological stimulus that is not directly related to it is applied, for example a mechanical stimulation (pinprick). Another scenario could be the block of the local synaptic transmission by focal perfusion, without blocking long range inputs (this is experimentally possible in some brain areas, for example the hippocampus). However, in our simulation we aimed at testing the former condition. Figure 5 further shows the importance of K + efflux generated by the spiking of the interneuron in promoting the spiking of the pyramidal neuron and in eventually leading to CSD initiation. In fact, in a condition in which synaptic transmission was blocked and the pyramidal neuron fired regularly (same condition as in Fig. 4b) , it was sufficient to increase the firing frequency of the interneuron to induce hyperexcitability of the pyramidal neuron and then its depolarizing block. It should be noted that the potassium from the interneuron is an effect that 'tips the scale', however a very significant contribution to the potassium efflux is given by the potassium current of the pyramidal cell. This is shown in Fig. 5 panels c1, c2 and Fig. 4b in panels (a1,a2,a3) , we increase the drive J I to the interneuron from 1.2 to 1.5 in panels (b1,b2,b3) and this leads to CSD. Panels (c1,c2,c3) have the same settings as panels (b1,b2,b3) but with γ = 0 in the first equation of Eq. (2), which corresponds to neglecting the (2)).
We would like to point out a controversy concerning the role of glutamate in CSD initiation. Some studies show that the action of glutamate is necessary for CSD intiation, see Martins-Ferreira et al. (2000) for a review. Other studies show that, either blocking AMPA receptors has no effect on CSD, or that blocking NMDA receptors may reduce or stop CSD propagation but not CSD initiation, especially in the presence of high stimulation (Pietrobon and Moskowitz 2014) . The results of our paper are consistent with Pietrobon and Moskowitz (2014) , as we needed to increase the drive parameter J E in order to trigger CSD in the absence of the glutamatergic input.
In addition to the classical fast inactivating transient sodium current, neurons show a slowly inactivating "persistent" current (I Nap ), which is important for shaping repetitive firing, generating rhythmicity and amplifying synaptic inputs (Stafstrom 2007) . I Nap has been found increased in different neurological diseases and it is implicated in some forms of spreading depolarizations (Mantegazza et al. 2010; Pietrobon and Moskowitz 2014) . We tested the effect of an increase of I Nap maximal conductance in our model. Figure 6 shows that increasing I Nap leads to a decrease in the latency to spiking prior to CSD and a larger increase of [K] o . I Nap facilitates depolarizing block by increasing depolarization. Its presence leads to an increase in the activity of the sodium-potassium pump caused by the Na + influx, thereby increasing the pump current, which is hyperpolarizing and thus protects the cell against hyperexcitability and depolarizing block.
Finally, we have studied the effect of varying the activity of the KCC2 co-transporter. Our simulations show that increasing ρ KCC does not prevent CSD but delays its onset Fig. 6 The persistent sodium current (I Nap ) facilitates CSD ignition. Increasing I Nap by setting g p = 3mS has the effect of accelerating CSD. Panel (a1) shows hyperexcitability but no CSD for g Nap = 1mS, J E = 4.2mA, with g GLUT1 = g GLUT2 = 0.1mS, γ i = 0.65γ and g GABA = 0.5mS. Panel (a2) shows the corresponding potassium and chloride dynamics. Increasing g p to 3mS (panels (b1-b2)) results in CSD. Note that latency to spiking in panels (a1) and (b1) is the same (about 19s). The length of the depolarizing block in panel (b1) is about 13s, approximately as in the case of Fig. 3b1 (J E = 4.5mA, g p = 1mS). Panel (b2) shows the corresponding potassium and chloride dynamics, with the [K] o peak higher than in the case of Fig. 3b2 (J E = 4.5mA, g p = 1mS), reaching 42mM, as opposed to 35mM. The latency to spiking in the simulation of Fig. 3 is approximately 14s and is lower than the approximately 19s in the present situation (the onset of spiking depends on the drive J E as I Nap activates close to the spiking threshold), but in the case of g p = 3mS [K] o rises faster, leading to CSD (see Fig. 7 ), consistent with an inhibitory role of KCC2 in this mechanism of CSD initiation.
Transitions to CSD seen as a dynamic bifurcation
The transition to CSD is characterized by rapid changes in the behavior of the variables. Figure 8 shows the time traces of the membrane potential of the pyramidal neuron (V e ) and of [K] o shortly before and during the transition to CSD. A remarkable feature is a very fast increase of [K] o in comparison to its earlier evolution. This can be explained as follows: previously to the onset of CSD there is a temporary balance (a transient steady state) between the effect of the potassium currents of the pyramidal cell and the interneuron (which leads to the increase of [K] o ), and the homeostatic mechanisms that decrease [K] o (e.g. the action of the sodium-potassium pump, the extracellular potassium diffusion/glial buffering). As the cell firing increases this balance is impaired (the steady state is no longer stable), which results in a rapid increase of [K] o as well as an average depolarization of V e , levelling off at another transient steady state, which corresponds to CSD; see Fig. 8 panels a-b. Typically the concept of dynamic bifurcation is linked to the presence of multiple time scales, with slow variables seen as dynamic parameters and fast variables undergoing the bifurcations. Remarkably, the simulation in Fig. 8b suggests that [K] o evolves in this stage of the dynamics with comparable speed to the average of V e , thus that the dynamic bifurcation involves at least these two variables. A similar situation was reported in Doyon et al. (2011) .
Discussion
In this work we have developed and studied a model of a cortical microcircuit consisting of two coupled neurons, a pyramidal cell and a GABAergic interneuron, and diffusion of potassium (to take into the account diffusion in the extracellular space and glial spatial buffering). The coupling, in addition to the usual synaptic transmission, included the depolarizing effect of the potassium efflux due to the spiking of the interneuron and of the pyramidal cell. The pyramidal cell, besides the ion channels involved in the generation of action potentials, includes KCC2 and NKCC1 transporters implicated in intracellular chloride homeostasis. We used this model to test the hypothesis that hyperexcitability of GABAergic cortical neurons can lead to CSD, a possible pathological mechanism of migraine with aura (Lauritzen 1994; Pietrobon and Moskowitz 2014; Ferrari et al. 2015) . This hypothesis has been proposed because migraine mutations of the Na V 1.1 sodium channel, which is particularly important for the excitability of GABAergic interneurons, can induce gain of function of the channel and hyperexcitability in transfected neurons (Cestèle et al. 2008; Mantegazza and Cestele 2017) . However, this hypothesis has not been tested yet in a neuronal circuit and the detailed mechanism has not been addressed. In fact, GABAergic neurons are inhibitory in mature cortical circuits and their hyperexcitability should lead to inhibition of the circuits, instead of inducing CSD.
Our main finding is that CSD can be ignited by high frequency spiking of the interneuron in our model even if the GABAergic transmission maintains always inhibitory features. Long lasting high frequency spiking of the interneuron has been induced in our model by increasing J I (which can be any physiological or pathological depolarizing drive; see results and methods). We could have implemented pathological modifications that are more directly related to clinical pathological mechanisms (e.g. effect of genetic mutations), but, even with these pathological dysfunction, patients experience attacks intermittently, and the mechanisms that trigger attacks are not clear. Thus we decided to set the microcircuit in a pathological state simply acting on J I . Notably, long lasting modifications of neuronal excitability have been reported in paroxysmal episodic disorders, for example neurons in epileptic foci show long lasting hyperexcitability that begins minutes before the attack (seizure) (Truccolo et al. 2011 ). More generally, we have observed three possible effects of the interneuron on the firing of the pyramidal cell, depending on the interneuron's firing frequency. For low frequencies, the effect was inhibitory in the initial 5-10s and in the subsequent periods of the simulation the firing frequency was not increased. For higher frequencies, the activity of the interneuron increased the firing frequency of the pyramidal cell in a time window of the simulation. If the frequency of the interneuron was sufficiently high, a transition to CSD took place. Importantly, when the potassium build up caused by the interneuron firing was not taken into account, the interneuron had always an inhibitory effect, even when it fired at high frequency. Moreover, an increase of the firing frequency of the interneuron turned the regular firing of the pyramidal neuron into CSD even when GABAergic and glutamatergic synaptic transmission were blocked, condition in which the only interaction between the two cells was through modifications of the [K] o . Hence, synaptic transmission can modulate positively induction of CSD but is not necessary for it. Notably, the spiking-induced efflux of K + from the interneuron and the pyramidal neuron were both necessary for CSD induction. This was shown by simulating the model with the contribution of the potassium current to the potassium efflux blocked, see Fig. 5c1 , c2 and c3.
Interestingly, a larger persistent sodium current (I NaP ), similar to that observed in some neurologic conditions [23, 26] , facilitated CSD induction and generated a stronger increase of the [K] o during the depolarizing block. This effect could facilitate the propagation of CSD in the cortical tissue. We have not tested this issue with our model, but it would be interesting to investigate it with larger models of cortical circuits. On the contrary, the activity of the KCC2 co-transporter inhibited CSD in our model, probably because its main role was to keep [Cl] i low, maintaining the inhibitory strength of the GABAergic synaptic transmission. Dynamic bifurcations, typical of slow-fast systems, are characterized by rapid changes of the fast variables. Although we are aware of the presence of multiple timescales in our system, time scale separation is not explicit. Our simulations suggest that [K] o and the average of the membrane potential evolve on the same time scale, at least during the transition to CSD. Proper identification of the underlying slow-fast structure and the type of bifurcation that occurs could lead to a method of predicting how close the system is to the transition to CSD and whether the transition will happen or not for the given parameter set. Partial and somewhat inconsistent bifurcation pictures of CSD models were obtained in Wei et al. (2014) and Zandt et al. (2015) , which used systems that were similar, although not identical, to the one that we have used. In particular our main bifurcation parameter is the excitatory drive to the interneuron, which determines its firing frequency and that differs from both of these studies. Consequently, we feel that there is a need for an additional bifurcation study. Often a useful approach is to design a minimal system (a 'toy model') with similar dynamics but simple enough so that the bifurcation structure can be clearly identified. This will be the subject of future work.
Another follow-up of our study would be first to add more biological details to our model, for instance by considering dynamic changes in cell volume during CSD, and then to consider a network model, including, in addition to [K] o diffusion, also long distance excitatory projections onto both pyramidal cells and interneurons, and glial spatial buffering of potassium, which may play a role in the context of a realistic network. Interesting questions are the minimal number of hyperexcitable GABAergic interneurons that are necessary for igniting a propagating CSD, and if there are conditions (parameter settings) for which CSD would be ignited but does not propagate (remains localized). These issues are important because long lasting high frequency firing of large populations of interneurons is not a common phenomenon. This has been proposed as the mechanism of some types of focal seizures (Avoli and de Curtis 2011), but for CSD ignition and propagation the interneuron population probably has to be larger. Migraine attacks, as epileptic seizures, are characterized by acute and transient presentation of symptoms in individuals that otherwise appear normal; they can be triggered by emotional, dietary or physical stimuli (Pietrobon and Moskowitz 2014; Ferrari et al. 2015) . Thus, a trigger stimulus could amplify a local event and induce large scale hyperexcitability of GABAergic interneurons leading to CSD induction in a local area and subsequent propagation in the cortical tissue. Interestingly, interneurons' excitability can be regulated by neuromodulators and hormones (Freund and Katona 2007) .
Our work contributes to show that interneuron hyperexcitability can be the pathological mechanism of FHM-3, consistently with the hypothesis based on the study of the functional effect of FHM-3 Na V 1.1 mutations in transfected cells, and it poses a more general question about the role of interneurons in migraine with aura. Possibly, dysfunctions leading to GABAergic interneurons' hyperexcitability (not limited to Na V 1.1) could constitute a more general group of pathological mechanisms in migraine with aura, a condition probably caused by numerous different mechanisms, as suggested by the different mechanisms already identified in the rare FHM phenotype. Thus, our study suggests that hyperexcitability of interneuron populations could play a critical role in CSD ignition, even if they are not its sole cause. Understanding these mechanisms in detail could lead to pharmacological advances in the treatment of migraine.
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